WNK1 (with-no-lysine[K]-1) is a protein kinase of which mutations cause a familial hypertension and hyperkalemia syndrome known as pseudohypoaldosteronism type 2 (PHA2). Kidney-specific (KS) WNK1 is an alternatively spliced form of WNK1 kinase missing most of the kinase domain. KS-WNK1 downregulates the Na 1 -Cl 2 cotransporter NCC by antagonizing the effect of full-length WNK1 when expressed in Xenopus oocytes. The physiological role of KS-WNK1 in the regulation of NCC and potentially other Na 1 transporters in vivo is unknown. Here, we report that mice overexpressing KS-WNK1 in the kidney exhibited renal Na 1 wasting, elevated plasma levels of angiotensin II and aldosterone yet lower blood pressure relative to wildtype littermates. Immunofluorescent staining revealed reduced surface expression of total and phosphorylated NCC and the Na 1 -K 1 -2Cl 2 cotransporter NKCC2 in the distal convoluted tubule and the thick ascending limb of Henle's loop, respectively. Conversely, mice with targeted deletion of exon 4A (the first exon for KS-WNK1) exhibited Na 1 retention, elevated blood pressure on a high-Na 1 diet and increased surface expression of total and phosphorylated NCC and NKCC2 in respective nephron segments. Thus, KS-WNK1 is a negative regulator of NCC and NKCC2 in vivo and plays an important role in the control of Na 1 homeostasis and blood pressure. These results have important implications to the pathogenesis of PHA2 with WNK1 mutations.
INTRODUCTION
WNK (with-no-lysine [K]) kinases are serine -threonine protein kinases discovered as homologues of mitogenactivated protein kinases (1) . They are named for the unusual position of the catalytic lysine in subdomain I instead of subdomain II (1) . The mammalian WNK family consists of four members, WNK1-4, which share 85-90% sequence identity in the kinase domain (1 -3) . The discovery that mutations in WNK1 and WNK4 cause the autosomaldominant hypertension and hyperkalemia known as pseudohypoaldosteronism type 2 (PHA2) led to extensive characterization of their properties and function. Studies have shown that WNK1 and WNK4 regulate various Na + , K + and Cl 2 transporters (4 -9). Dysregulation of these transporters contribute to the hypertension and hyperkalemia phenotypes in PHA2.
The regulation of some transporters requires the kinase function of WNKs. For example, WNK1 and 4 phosphorylate and activate oxidative stress-responsive kinase-1 and its related Ste20-related proline-alanine-rich kinase (SPAK), which in turn phosphorylate and activate the thiazide-sensitive sodium chloride cotransporter NCC and the bumetanidesensitive sodium -potassium-2 chloride cotransporter NKCC (10) (11) (12) . In addition, WNKs have kinase-independent roles. WNK1 and 4 directly interact with serum-and glucocorticoid-induced kinase-1, causing it to activate the epithelial Na + channel ENaC (13) . WNK1 and 4 enhance endocytosis of the renal outer medullary K + channel (ROMK) also via a kinase-independent mechanism that involves a direct interaction with an endocytic scaffold protein, intersectin (9) .
Both human and mouse WNK1 genes consist of 28 exons and are alternatively spliced (2, 14, 15) . The full-length † These authors contributed equally. * To whom correspondence should be addressed at: Division of Nephrology, Department of Medicine, UT Southwestern Medical Center, 5323 Harry Hines Boulevard, Dallas, TX 75390-8856, USA. Tel: +1 2146488627; Fax: +1 2146482071; Email: chou-long.huang@utsouthwestern.edu WNK1 (FL-WNK1) transcript produced from all 28 exons is ubiquitously expressed (1, 2) . An alternatively spliced WNK1 transcript produced by the alternative initiating exon4A and exon5 through 28 is expressed exclusively in the kidney and encodes a peptide referred to as kidney-specific WNK1 (KS-WNK1) (14, 15) . Thus, KS-WNK1 lacks amino acids 1 -437 of the FL-WNK1 that are encoded by exon1 through 4. The first 30 amino acids of KS-WNK1 encoded by exon4A are unique to KS-WNK1. In the kidney, KS-WNK1 is predominantly expressed in the distal convoluted tubule (DCT), the connecting tubule and the cortical collecting duct (16) . The transcript for KS-WNK1 in the kidney is more abundant than that for FL-WNK1 (14, 15) . Their relative protein abundance in the kidney has not yet been determined.
Studies have shown that KS-WNK1 antagonizes FL-WNK1 regulation of the renal K + transport. FL-WNK1 inhibits the renal K + channel ROMK by enhancing clathrin-coated vesicle-mediated endocytosis of the channel (7 -9) . KS-WNK1, by itself, has no effect on ROMK1, but antagonizes the inhibition of ROMK1 caused by FL-WNK1 (8) . We found that amino acids 1 -253 of KS-WNK1 are necessary and sufficient for the antagonism of the effect of FL-WNK1 on ROMK (17) . Moreover, mice overexpressing amino acids 1 -253 of KS-WNK1 display increased surface expression of ROMK in the renal distal tubules and decreased serum K + levels, supporting that KS-WNK1 is a physiological antagonist of FL-WNK1. We also demonstrated that the ratio of fulllength versus KS-WNK1 regulates surface abundance of ROMK channels and renal K + secretion. With respect to Na + transporter, Yang et al. (18) reported that KS-WNK1 antagonizes the increase in the surface expression of NCC by FL-WNK1 expressed in Xenopus oocytes. The physiological role of KS-WNK1 in the regulation of NCC and potentially other Na + transporters in vivo, however, is unknown. The present study examined these questions.
RESULTS
Transgenic mice overexpressing KS-WNK1 in the kidney have reduced blood pressure and elevated plasma levels of aldosterone and angiotensin II
We measured blood pressure in transgenic (TG) mice overexpressing amino acids 1-253 of KS-WNK1 in the kidney and wildtype (WT) littermates using a tail-cuff sphygmomanometer.
The systolic blood pressure of TG mice was significantly lower than that of WT littermates under normal Na + diets ( Fig. 1A ; 115 + 2 versus 122+ 3 mmHg, n ¼ 8 each, P , 0.05). The diastolic BP of TG mice was also lower than that of WT (data not shown). We measured plasma aldosterone and angiotensin II levels to assess the effective circulating volume status. The plasma aldosterone (Fig. 1B , 42 + 3 versus 20 + 2 ng/dl, n ¼ 10, P , 0.001) and angiotensin II (Fig. 1C, 35 + 4 versus 20 + 6 pg/ ml, n ¼ 6, P , 0.05) levels of TG mice were elevated compared with those of WT mice (Fig. 1B and C) . Blood electrolytes and creatinine are shown in Table 1 . As previously reported by us (17) , plasma K + concentration of these TG mice is lower than that of WT mice, due to increased tubular K + secretion from the upregulation of ROMK. A decrease in the plasma K + levels should suppress aldosterone secretion from the adrenal gland. Thus, the increase in the aldosterone levels in KS-WNK1-TG mice as observed is likely due to the activation of the reninangiotensin system, consistent with the notion that a low effective circulating volume causes the decrease in blood pressure.
Renal Na
1 wasting in KS-WNK1-TG mice
We conducted Na + balance studies to evaluate the mechanism of hypovolemia in TG mice. Differences in the steady-state urinary Na + excretion may reflect differences in dietary intake rather than the ability of renal tubules to reabsorb Na + . We designed experiments to examine the renal handling of Na + under non-steady state. KS-WNK1-TG and WT mice were pair-fed normal Na + diets (0.49% NaCl, g per 100 g diet) for 2 weeks to allow reaching a steady state, and this was followed by low-Na + diets (0.01%) for 1 week. Twenty-four hour urinary Na + excretion was collected daily using metabolic cages during the last 4 days on normal Na + diets and during low-Na + diets. As shown in Figure 2 , 24 h urinary Na + excretion was constant during the last 4 days on normal Na + diets and was not different between TG and WT mice, indicating that mice were in a steady-state Na + balance. Upon switching to low-Na + diets, urinary Na + excretion fell sharply within the first 24 h, indicating that both WT and TG mice responded to dietary Na + restriction by increasing renal Na + reabsorption. The initial rate of response to low-Na + diets for KS-WNK1-TG and WT mice, however, was different. Urinary Na + excretion collected during the first day of low-Na + diets was 84 + 8 and 45 + 4 mM for TG and WT mice, respectively (Fig. 2 , n ¼ 8, P , 0.001). Na + excretion remained significantly higher for TG mice than for WT mice from day 2 to 6 of low-Na + diets (Fig. 2, inset) . Thus, compared with WT mice, the ability of KS-WNK1-TG mice to reabsorb Na + in response to dietary Na + restriction is impaired. At day 7, Na + excretion was not significantly different between TG and WT mice, indicating reaching a new steady state.
Reduced expression and phosphorylation of NCC in the kidney of KS-WNK1 TG mice
We next investigated the effect of increased KS-WNK1 on expression and phosphorylation of NCC cotransporter in the mouse kidney. Immunofluorescent staining revealed that the abundance of NCC in the DCT was decreased in TG mice (Fig. 3A) . We further investigated the phosphorylation status of NCC using residue-specific anti-phospho-antibodies. As shown, phosphorylation of NCC at threonine-58 (T58; numbering based on rat NCC sequence), threonine-53 (T53) and serine-71 (S71) was all reduced in TG mice (Fig. 3B) . The specificity of antibodies for NCC was validated by doublelabeling immunofluorescent staining in the kidney of WT mice. As shown, antibody against (unphosphorylated) NCC and against phospho-T58 of NCC (p-T58-NCC) labeled the same tubule (Fig. 3C) . Interestingly, within the same tubule, the labeling by these two antibodies did not completely overlap. The labeling by antibody against p-T58-NCC appeared to be relatively more concentrated to the apical membranes, whereas that by antibody against NCC showed a broader distribution (Fig. 3C, merged images) .
Reduced expression and phosphorylation of NKCC2 in the kidney of KS-WNK1-TG mice
We next examined the impact of increased KS-WNK1 on expression and phosphorylation of Na-K-2Cl cotransporter in the mouse kidney. Similar to NCC, immunofluorescent staining using NKCC2-specific antibody showed a moderate reduction in the abundance of the transporter in TG mice (Fig. 4A) . Phosphorylation of NKCC2 was analyzed using a pan anti-phospho-NKCC antibody that was raised against a cluster of three phospho-threonine residues in the N-terminus of NKCC1 (T203, T207 and T212; numbering based on human NKCC1 sequence) (10) . This antibody is expected to recognize NKCC2 as well since two of three threonine residues and the overall amino acids included to generate the antibody are conserved in NKCC2 (19) (Fig. 4B, inset) . We observed that phospho-NKCC was also reduced in TG mice (Fig. 4B) . We also performed double-labeling using anti-NKCC2 and pan anti-phospho-NKCC antibodies in the kidney of WT mice. As shown, anti-NKCC2 antibody labeled the apical side of thick ascending limb (TAL) of Henle's loop (Fig. 4C ). Pan anti-p-NKCC antibody labeled the apical side of same tubules as the anti-NKCC2 antibody. In contrast to NKCC2, which is expressed only in the apical membrane of TAL, NKCC1 is broadly expressed in tissues including the kidney (20, 21) . In the kidney, NKCC1 is expressed in the basolateral membrane of medullary collecting ducts (22, 23) . Thus, the apical labeling by pan anti-p-NKCC antibody in the renal cortex likely represents NKCC2. Similar to NCC, p-NKCC2 appeared to be more highly expressed in apical regions compared with the total NKCC2 (Fig. 4C , merged image). Semi-quantitative western blot analysis confirmed that, compared with WT mice, KS-WNK1-TG mice had reduced abundance of total and phosphorylated NCC and NKCC2 in the kidney cortex (Fig. 5) .
Generation of KS-WNK1-KO mice and analysis of blood chemistry and blood pressure
To further examine the in vivo physiological role of KS-WNK1 in Na + transport, we created KS-WNK1-KO mice. This was accomplished using homologous recombination gene-targeting to replace the first coding exon of KS-WNK1, exon4A, by a DNA cassette containing the selectable marker gene neomycin transferase (Fig. 6A ). Deletion of exon4A was verified by polymerase chain reaction (PCR) using forward and reverse primers as indicated. As shown, Figure 2 . Urinary Na + excretion in response to dietary Na + restriction. Shown are Na + excretion in KS-WNK1-TG (gray circles, n ¼ 8, mean + SEM) and WT mice (black circles, n ¼ 8, mean + SEM). Twenty-four-hour urine was collected daily on normal Na + diets (0.49% NaCl) for 4 days (23, 22, 21, 0). Diets were switched to low-Na + diets (0.01% NaCl) on day 0 and 24 h urine collection continued for 7 days. Inset is Na + excretion in day 2 -7 of low-Na + diets shown in an expanded scale. The asterisk indicates P , 0.05 versus WT mice. 
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Human Molecular Genetics, 2011, Vol. 20, No. 5 PCR analysis of tail DNA from WT and homozygous KS-WNK1 knockout (4A-KO) mice revealed DNA bands of 0.7 and 1.4 kb in size as predicted for WT and mutant alleles, respectively (Fig. 6A, inset) . Northern blot analysis using probes specific for exon4A and exon 6 -9, respectively ( Fig. 6B) , revealed that WT mice expressed KS-WNK1 as well as FL-WNK1 (Fig. 6C) . In contrast, 4A-KO mice did not express KS-WNK1, but had a normal expression of FL-WNK1 (Fig. 6C) . The results of northern blot analysis were confirmed by reverse-transcription (RT)-PCR analysis (Fig. 6D) . To see whether deletion of exon 4A affects expression of FL-WNK1 inadvertently (or induces compensatory changes), we performed quantitative real-time PCR analysis using primers specific for FL-WNK1 and found that levels of FL-WNK1 transcript were not different between WT and 4A-KO mice (Supplementary Material, Fig. S1 ).
We observed no obvious differences in survival, gross physical appearance and organ morphology between KS-WNK1-KO and WT mice. Table 2 shows plasma electrolytes and creatinine of KS-WNK1-KO versus WT mice. Except for the concentration of Na + , which is slightly elevated in KS-WNK1-KO mice, there were no significant differences in plasma electrolytes and creatinine. It should be noted that KS-WNK1-KO mice were in pure 129/sv background, whereas KS-WNK1-TG mice were in C57BL/6J background, which may contribute to small differences in the basal levels of creatinine and electrolytes between KO and TG mice ( Table 1 versus Table 2 ). On normal diets, blood pressure of KS-WNK1-KO mice was not different from that of WT mice (Fig. 7A) . After feeding on high-Na + diets (4% NaCl) for 2 weeks, the systolic blood pressure of KS-WNK-KO mice, however, was significantly elevated compared with WT mice (Fig. 7B , 144 + 5 versus 132 + 4 mmHg, n ¼ 6 each, P , 0.05).
Renal Na 1 retention in KS-WNK1-KO mice
We carried out Na + balance studies to examine renal handing of Na + in KS-WNK1-KO mice. WT and KS-WNK1-KO mice (4A-KO) were first fed normal Na + diets (0.49% NaCl) for 2 weeks to reach a steady state Na + balance and then switched to high-Na + diets (4% NaCl) to allow assessment of responses to high Na + challenge. As shown in Figure 8 , urinary Na + excretion during the last 3 days of normal Na + diets (approximate steady state) was not different between WT and KO mice. As expected, 24 h urinary Na + excretion increased in response to increased Na + intake. Because of the inherent variability in voiding and very high urinary Na + concentration, the measured daily urinary Na + excretion was quite variable from day to day and from animal to animal. Nonetheless, the results showed that increase in Na + excretion was significantly less in the KO mice than in WT. The P-values for differences of daily Na + excretion between WT and 4A-KO were 0.05 on day 2 (indicated by #) and ,0.05 on days 5 and 6 (indicated by * ). Differences of Na + excretion between WT and 4A-KO can be further illustrated by examining the cumulative Na + excretion from day 1 to 6 ( Fig. 8 , Blood pressure in WT and KS-WNK1-KO mice in normal Na + diets (0.49% NaCl) (A) or high-Na + diets (4% NaCl) (B). The asterisk indicates P , 0.05 versus WT. Figure 8 . Urinary Na + excretion in response to high-Na + diets in KS-WNK1-KO and WT mice. Shown are Na + excretion in KS-WNK1-KO mice (gray circles, n ¼ 9, mean + SEM) and WT mice (black circles ¼ 9, mean + SEM) under normal Na + (0.49% NaCl; day 23 to 21) and high-Na + diets (4% NaCl; day 1-7). On day 0, mice were switched from normal Na + diets to high-Na + diets. The asterisk and hash indicate P , 0.05 and P ¼ 0.05 versus WT, respectively. Inset shows cumulative Na + excretion from day 1 to 6 of high-Na + diets. (Fig. 8 ) or longer (data not shown) was not different between WT and KO mice. This can be explained that in the steady state, higher blood pressure from Na + retention in the KO mice (as shown in Fig. 7B ) offsets the increase in tubular ability to reabsorb Na + through the pressurenatriuresis effect.
Increased expression and phosphorylation of NCC and NKCC2 in the kidney of KS-WNK1-KO mice
We further examined expression and phosphorylation of NCC in KS-WNK1-KO mice, using immunofluorescent staining. In opposite to that in KS-WNK1-TG mice, the abundance of NCC in DCT and phosphorylation of the transporter at T58 were both increased in KS-WNK1-KO mice compared with WT mice (Fig. 9A and B) . Phosphorylation of NCC at T53 and S71 was also increased in the KO mice compared with WT mice (not shown). The abundance of NKCC2 and phosphorylation of the transporter were further examined in KS-WNK1-KO mice by immunofluorescent staining. The results showed that the total NKCC2 and phosphorylated NKCC2 in TAL were increased in KS-WNK1-KO mice compared with WT mice (Fig. 10A and B) . Semi-quantitative western blot analysis confirmed that, compared with WT mice, KS-WNK1-KO mice had increased abundance of total and phosphorylated NCC and NKCC2 in the kidney cortex (Fig. 11) .
DISCUSSION
The goal of the present study is to examine the role of KS-WNK1 in the regulation of Na + transport and blood pressure in vivo. We have previously produced TG mice overexpressing amino acids 1 -253 of KS-WNK1 in the kidney and shown that these mice display the expected effect of KS-WNK1 on ROMK K + channel and renal K + transport (8, 17) . As this region of KS-WNK1 also plays a role in regulating NCC (24), we studied these TG mice and found that they had lower effective circulating volume and lower blood pressure and displayed decreased abundance of NCC and NKCC2 in DCT and TAL, respectively. It is possible that the results of TG mice were partly due to ectopic expression of KS-WNK1 in nephron segments that do not normally express the protein. To support that these findings in TG mice represent the in vivo function of the whole KS-WNK1 protein, we generated 4A-KO mice. We found that KO mice displayed the inverse phenotypes of TG mice, i.e. increased abundance of NCC and NKCC2, Na + retention and elevated blood pressure in response to high Na + challenges. These results provide compelling evidence to support the hypothesis that KS-WNK1 is a negative regulator of NCC and NKCC2 in vivo and plays an important role in the control of Na + homeostasis and blood pressure.
How KS-WNK1 exerts the negative regulation on NCC and NKCC2 remains unknown. Early on, two studies reported that WNK4 inhibited NCC in Xenopus oocytes expression system (4,5). Subsequently, Yang et al. (18) reported that FL-WNK1 had no effect on NCC by itself but antagonized the inhibition on NCC by WNK4. Subramanya et al. (24) further showed that KS-WNK1 antagonized the ability of FL-WNK1 to reverse WNK4-mediated inhibition of NCC. The region of KS-WNK1 (amino acids 1 -148) that antagonizes FL-WNK1 reported by Subramanya et al. is within amino acids 1 -253 included in our TG mice. Thus, the negative regulation of NCC by KS-WNK1 may be through antagonizing the effect of FL-WNK1 on WNK4. Other potential mechanisms exist. In contrast to the report of WNK4 inhibition of NCC (4,5), several cell-based studies showed that both WNK1 and WNK4 stimulated NCC (10, 11, 25) . The stimulation of NCC by WNK1 and WNK4 occurred via the phosphorylation and activation of the intermediate kinases OSR1 and/or SPAK, which in turn phosphorylated and activated NCC (10, 11, 25) . With respect to the in vivo relevance of these findings, Yang et al. (26) found that knock-in mice carrying a gain-of-function PHA2 disease-causing Wnk4 allele had increased abundance of the total and phosphorylated NCC and increased abundance of phosphorylated OSR1 and SPAK (26) . Conversely, Ohta et al. (27) reported that Wnk4 hypomorphic mice had Na + wasting, hypotension and decreased abundance of total and phosphorylated NCC and of phosphorylated OSR1 and SPAK. More recently, Rafiqi et al. (28) showed that in knock-in mice in which phosphorylation sites of SPAK for WNK1 and 4 were mutated, the abundance of total and phosphorylated NCC was decreased. Together, these studies provide strong evidence supporting the importance of WNKs-OSR1/SPAK signaling cascade in the regulation of NCC in vivo (26) (27) (28) . Thus, KS-WNK1 may antagonize the stimulation of NCC by FL-WNK1 (or WNK4) via OSR1 and SPAK. Future studies involving crossing KS-WNK1 TG or KO mice with mice lacking WNK1, WNK4, OSR1 and/or SPAK will address these questions.
The Na
2 cotransporter NKCC1 and 2 and NCC belong to the same SLC12 gene family cation transporters (29) . NCC and NKCC2 are main transporters for Na + reabsorption in DCT and TAL, respectively. The binding and phosphorylation sites of NCC for OSR1 and SPAK are conserved in NKCC1 and 2 (19, 30) . In vitro and cell-based studies have shown that WNK1 and 4 phosphorylated and activated NKCC1 and 2 via OSR1 and SPAK as well as NCC (10) (11) (12) 31) . In the study using mutant SPAK knock-in mice, Rafiqi et al. (28) showed that phosphorylation of NKCC2 (besides NCC) was reduced, supporting that SPAKmediated phosphorylation of NKCC2 stimulated by WNKs was important for renal Na + transport and blood pressure control. Our current results support this conclusion. Moreover, our results provide the first in vivo evidence supporting the hypothesis that KS-WNK1 antagonizes the effect of WNKs on NCC and NKCC2 mediated through OSR1 and/or SPAK.
One interesting question for the hypothesis that WNK1 and WNK4 stimulate NCC and NKCC via OSR1 and SPAK is how phosphorylation by OSR1 and SPAK enhances Na + transport in the kidney. In general, phosphorylation may alter intrinsic transport activity and/or trafficking and thus the cell surface expression of transporters. Previously, Pacheco-Alvarez et al. (32) showed that mutation of threonine-53, threonine-58 and serine-71 of rat NCC completely abolished functional activity of the transporter expressed in Xenopus oocytes (measured by thiazide-mediated 22 Na + uptake stimulated by intracellular Cl 2 depletion) without affecting its surface expression. These results suggest that phosphorylation of these residues is important for the activity of NCC. On the other hand, Mutig et al. (33) recently showed that the administration of arginine vasopressin (AVP) to vasopressin-deficient Brattleboro rats for 30 min increased the abundance of total NCC and phosphorylated NCC (measured by confocal immunofluorescence and immuno-gold electron microscopy using antibodies against threonine-53 and serine-71) in the luminal plasma membrane of DCT. The total tubular abundance of NCC measured by western blot analysis was unchanged. Thus, the short-term effect of vasopressin on NCC is by phosphorylation, and phosphorylation may increase Figure 11 . Semi-quantitative western blot analysis of total and phosphorylated NCC (A) and NKCC2 (B) abundance in WT and KS-WNK1-KO (4A-KO) mice. Top panels are representative blots from three separate experiments (each experiment includes three control and three mutant mice). Lower panels summarize densitometric analysis of NCC, p-NCC, NKCC2, p-NKCC normalized to b-actin. Bar graph (mean + SEM, n ¼ 9 combined from three separate experiments) shows density relative to WT (i.e. WT ¼ 1). The asterisk indicates P , 0.05 versus WT by two-tailed unpaired Student's t-test.
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Human Molecular Genetics, 2011, Vol. 20, No. 5 apical trafficking of NCC. Pedersen et al. (34) also reported that acute AVP administration to Brattleboro rats increased threonine-53/threonine-58 phospho-NCC abundance in the apical membrane without altering the distribution and abundance of total NCC. Interestingly, Pedersen et al. also found that AVP increased the abundance of phospho-OSR1 and phospho-SPAK. Thus, phosphorylation of NCC may promote apical trafficking as well as activity of the protein.
With respect to the regulation of NCC and NKCC2 by WNKs-OSR1/SPAK kinase cascade in mice, Yang et al. (26) found that in PHA2 Wnk4 knock-in mice, serine-71-phosphorylated NCC (analyzed by immunofluorescent and electron microscopy) was highly localized to the apical membranes compared with total NCC. The authors suggested that the phosphorylation of NCC at serine-71 stimulated by WNK4-OSR1/SPAK was important for apical localization. Our present findings that the abundance of total and phosphorylated NCC (threonine-53, threonine-58 and serine-71) and the abundance of total and phosphorylated NKCC2 change in parallel in TG and KO mice and that phosphorylated transporters are concentrated near the apical membrane are consistent with this idea.
One earlier study reported that KS-WNK1 activated the ENaC in culture cells (35) . It was also reported that aldosterone increased the transcript for KS-WNK1 (36), suggesting that KS-WNK1 may be a downstream target for aldosterone and contributing to Na + retention via ENaC. Though we cannot exclude an aldosterone and KS-WNK1 interaction that may enhance renal Na + retention under some (perhaps acute) settings, our present results using TG and KO mice provide compelling evidence that sustained changes in KS-WNK1 expression exert inverse effects on NCC and NKCC2 phosphorylation and apical abundance impacting renal Na + reabsorption mediated by the transporters. Results of our study also help the understanding of pathogenesis of PHA2 caused by WNK1 mutations. Wilson et al. (2) reported that PHA2 patients with large deletions of intron 1 of WNK1 gene have increased abundance of the transcript. How deletions of the first intron increase WNK1 transcript is not known. Furthermore, as the oligonucleotide primers used by Wilson et al. for real-time PCR analysis of transcript do not distinguish between full-length and KS-WNK1, the identity of WNK1 isoform increased in affected PHA2 patients remains elusive. Studies in expression system have shown that WNK1 stimulates Na + -reabsorptive transporters and inhibits K + -secretory channels (4 -9), which would be expected to contribute to hypertension and hyperkalemia, respectively. Cell-based expression studies have also shown that KS-WNK1 antagonizes FL-WNK1 regulation of Na + and K + transport (8, 24) . These results suggest that FL-WNK1 is preferentially increased in PHA2 patients. A recent study by Delaloy et al. (37) reported that the first intron of mouse Wnk1 contains regulatory elements for fulllength and KS-WNK1, and their deletion leads to increased expression of both full-length and KS-WNK1 in the mouse kidney. The increase of FL-WNK1 in mice deleted of the regulatory elements, however, is significantly more than the increase of KS-WNK1. Delaloy et al. further reported that the regulatory elements are conserved in humans and lie within the region of WNK1 deleted in PHA2 and suggested that overexpression of FL-WNK1 relative to KS-WNK1 in the kidney (rather than an increase in KS-WNK1) is responsible for the phenotypes of hypertension and hyperkalemia in PHA2. Our current finding that in vivo KS-WNK1 regulates Na + transport inversely of FL-WNK1, together with the previous report on the in vivo role of KS-WNK1 on K + secretion (17) , supports this idea.
MATERIALS AND METHODS

Generation of mice with altered KS-WNK1 expression
TG mice overexpressing amino acids 1 -253 of KS-WNK1 in the kidney have been described (17) . Briefly, an 2.6 kb purified DNA fragment under the control of a KS Ksp cadherin promoter, Ksp-Flag-KS-WNK1(1-253), was microinjected into the pronuclei of fertilized oocytes. Fertilized oocytes were from C57BL/6 crosses. Microinjected embryos were transferred into the oviducts of pseudopregnant foster mothers and were permitted to develop to term. Founder mice were identified by PCR analysis of tail-clipped genomic DNA and mated with C57BL/6 WT mice to produce hemizygous offspring. Mice homozygous for TG KS-WNK1 (1 -253) alleles from the crossing of hemizygous mice were used for experiments. These mice express 3-fold higher KS-WNK1 mRNA abundance than WT mice (17) .
4A-KO mice were generated by targeted deletion of exon4A, the first and unique exon of the alternatively spliced KS-WNK1 transcript. Two 3 kb fragments flanking the exon4A were PCR-amplified from mouse genomic DNA, with restriction endonuclease sites added to their ends (SfiI/ XhoI for the left arm, BamHI/XbaI for the right arm), and subcloned into OsDupDel targeting vector (gift of Dr L James and Dr O. Smithies) flanking a reverse-oriented neomycin (neo) resistance gene cassette. The targeting vector also contains a herpes virus thymidine kinase gene for negative selection with ganciclovir. Targeting construct was linearized and electroporated into 129/sv mouse embryonic stem cells. Culture and electroporation of ES cells and injection of ES cells into blastocysts were performed by the TG core facility of the University of Texas Southwestern Medical Center. Targeted ES cell clones were screened for homologous recombination by PCR. ES cell clones positive for targeted Wnk1 allele were expanded and injected into C57BL/6 blastocysts to generate chimera founders. Chimera male founders were backcrossed to 129/sv WT female mice to obtain pure 129/sv heterozygous KO mice. Heterozygous 129/sv KO mice were then intercrossed to generate homozygous KS-WNK1-KO mice in a pure 129/sv genetic background. The KO mice were genotyped by PCR using forward primer in the left arm (F1: 5 ′ -aggatgtattgctattgtaggaga-3 ′ ) and reverse primer in the right arm (R1: 5 ′ -cacacacatccatgtaagcataacaccaatg-3 ′ ).
Northern blot and RT-PCR analysis of FL-and KS-WNK1 transcript
Total RNA was extracted from homogenized mouse kidneys with TRIzol (Invitrogen), quantified by spectrophotometer and subjected (15 mg/lane) to 1.2% agarose-MOPSformaldehyde gel electrophoresis. The gel was blotted to Human Molecular Genetics, 2011, Vol. 20, No. 5 863
Hybond-N + membrane (Amersham) overnight in 10X SSC and UV-cross-linked. The membrane was then prehybridized in Rapid-hyb buffer (GE Healthcare) for 4 h. The probes were labeled with 32 P-dCTP (MP Biomedicals) and Ambion's DECAprime II random primed DNA labeling kit, using RT-PCR-amplified mWNK1 exon 4A and exon 6 -9 as templates (15) . The blots were hybridized overnight at 608C and washed four times (last wash with 2X SSC, 0.2% SDS at 658C) and exposed to film or phosphoimager. For RT-PCR, cDNA samples were made from total RNAs of the mouse kidney by the TaqMan RT kit (Applied Biosystems) and were subjected to PCR with forward and reverse primer sets named F2/R2 (300 nM) and F3/R3 (200 nM), respectively. The primer sets F2/R2 (F2: 5 ′ -agaaactactagtagcaaaatccctgtc; R2: 5 ′ -gcttcactccctcatttatacaatcc-3 ′ ) and F3/R3 (F3: 5 ′ -ccgg aattcatgcaggaggaaacaggggtacgg; R3: 5 ′ -ccgctcgagcccagactct accatttcttg-3 ′ ) amplify exon 4A and exons 6 -7, respectively.
Blood pressure measurements
Blood pressure of mice was measured using a programmable tail-cuff sphygmomanometer (BP 2000-series II blood pressure monitor) (Visitech Systems Instrument, Apex, NC, USA). Mice were acclimated to restraint and repeated tail-cuff inflation for 30 min/day for 3 days. Measurements were performed for 5 -7 consecutive days, with at least 20 readings per day. Blood pressure was recorded and calculated as mean + SEM.
Blood analyses
Blood for electrolyte analyses was drawn by retro-orbital bleeding into heparinized blood tubes under anesthesia with Avertin. Plasma was recovered by centrifugation. Plasma electrolytes were performed using STAT-CCC Analyzer (Nova Biomedical, Waltham, MA, USA). Plasma creatinine was measured by capillary electrophoresis (P/ACE MDQ) (Beckman Coulter, Brea, CA, USA) as described previously (17) . Plasma aldosterone was measured by tandem mass spectrometry (38) on an Applied Biosystems Sciex API-5000 LC-MS/MS with a Shimadzu Prominece UFLC front-end equipped with a Phenomenex Kinetex 150 × 2.1 mm, 2.6 mm C 18 column. The samples ( 50 ml of plasma) were mixed with 100 pg of d 6 -aldosterone (Sigma), deproteinated with 0.4 ml of acetonitrile and centrifuged. The supernatant was diluted with 0.9 ml of water, and 1 ml was injected and resolved at 0.4 ml/min with a gradient of 50-80% methanol in water with 5 mM ammonium acetate. The column oven was maintained at 308C, yielding a retention time for aldosterone of 6.0 min. Using electrospray ionization in negative ion mode, the transitions (m/z) monitored were 359 331 for aldosterone and 365 337 for d 6 -aldosterone. Plasma angiotensin II was measured using a commercial angiotensin II enzyme immunoassay kit per manufacturer's instruction (SPI-BIO, Massy, France).
Metabolic and balance studies
Mice (male and female, 4 months old) were fed indicated diets and placed in metabolic cages (Hatteras Instruments, Cary, NC, USA) for collection of urine. Low-Na + (0.01% NaCl, g per 100 g diet), high-Na + (4% NaCl) and control-Na + (0.49% NaCl) diets were purchased from Harlan Teklad (Madison, WI, USA). The concentration of Na + in urine was measured using a microflame-emission photometer (Jenway, Essex, UK). All of the experiments involving animals were performed in compliance with relevant laws and institutional guidelines and were approved by the University of Texas Southwestern Medical Center at Dallas Institutional Animals Care and Use Committee.
Immunofluorescent staining and semi-quantitative western blot analysis
Mice were anesthetized by Avertin and perfused via cardiac puncture with 15 ml of PBS followed by 15 ml of 4% paraformaldehyde in PBS. The kidneys were harvested and fixed for 4 h in 4% paraformaldehyde in PBS at 48C, dehydrated by immersion in 30% sucrose in PBS overnight at 48C and embedded in Tissue-Tek OCT compound (Sakura Finetck, Torrance, CA, USA) for sectioning. The sections (4-5 mm thickness) were stained with following primary antibodies: rabbit polyclonal anti-NCC (1:500), p-T58-NCC (1:250), p-T53-NCC (1:2000), p-S71-NCC (1:1500), NKCC2 (1:5000), sheep polyclonal antibodies p-NCC T58 (1:100) and p-NKCC (1:100), followed by secondary antibodies including Alexa Fluor goat anti-rabbit IgG 488 or 568 (1:500) or Alexa Fluor 488 donkey anti-sheep IgG (1:500). The fluorescent images were obtained using Zeiss LSM510 confocal microscope as described previously (17) . For doublelabeling immunofluorescent staining, primary antibodies from rabbit and sheep were first applied, and this was followed by anti-rabbit and anti-sheep secondary antibodies, respectively. Rabbit anti-T53, -T58 and -S71-NCC antibodies are gifts from Dr Shinichi Uchida (Tokyo Medical and Dental University, Japan); anti-NCC and anti-NKCC2 antibodies are gifts from Dr Mark Knepper (NIH, Bethesda, MA, USA); sheep anti-T58-NCC and anti-p-NKCC1 (pan anti-p-NKCC) antibodies are purchased from the University of Dundee, UK. For semi-quantitative western blot analysis, homogenized particulate fractions of the kidney cortex (26, 27) from WT and TG mice (or KO mice) were analyzed using the same antibodies against NCC, p-T58-NCC, NKCC2 and p-NKCC as used in immunofluorescent staining.
Statistical analysis
Statistical comparisons between two groups of data were made using two-tailed unpaired Student's t-test. A P-value ,0.05 was considered statistically significant. 
